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Abstract

The conformational properties of di- and trisaccharide fragments of the polysialic acid O-antigen
capsular polysaccharide (CPS) of Neisseria meningitidis B (NmB), have been investigated by a
combination of solution phase NMR spectroscopy and explicit-solvent molecular dynamics (MD)
simulations. Simulations employing 100 ns of conventional MD, as well as 160 ns of replica exchange
MD (REMD), with the GLYCAMOG6 force field were shown to be in agreement with experimental
NMR scalar J-coupling and nOe values. The presence of conformational families has been
determined by monitoring inter-glycosidic torsion angles, by comparing structural superimpositions,
as well as via a Bayesian statistical analysis of the torsional data. Attempts to augment the
immunogenicity of NmB CPS often involve chemical modifications of the N-acetyl moiety. Here the
effects of these chemical group modifications on the conformational properties of the trisialoside
have been probed via REMD simulations of the N-glycolyl, N-propionyl, N-propyl and N-butanoyl
analogs. Although there were conformational families unique to each non-native analog, the chemical
modifications resulted in largely equivalent overall conformational phase-spaces compared to the
native trisialoside. On the basis of the conformational distributions, these shared conformational
properties suggest that a recurrent global conformational epitope may be present in both the native
and chemically modified CPS fragments. Explanations are therefore provided for monoclonal
antibody cross-reactivity, in terms of recognition of a shared global CPS conformation, as well as
for lack of cross-reactivity, in terms of fine structural differences associated with the N-acyl groups,
which may be dominant in highly matured antibody responses.

Neisseria meningitidis (Nm) is a gram negative bacterium that is responsible for septicemia
and meningococcal disease in neonates. (1) Annually, about 500,000 cases of meningococcal
meningitis are reported worldwide, with 2600 occurrences in the United States. Ten percent
of infections result in deaths, while survivors may suffer from seizures, hearing impairments
and brain damage. (2) Thirteen strains have been classified serologically, based on the identity
of the polymeric repeat units and the types of glycosidic linkages in the O-antigen capsular
polysaccharides (CPS) that envelop the surface of the bacteria. (3) Of these thirteen strains,
five strains, A, B, C, W-135and Y, have been identified as the main causative agents of virulent
invasive meningococcal disease, Table 1. (4-7)
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The lack of cross-reactivity between anti-CPS sera indicates that despite the fact that several
Nm capsules bear striking carbohydrate sequence similarities, they must display unique
antigenic determinants or epitopes. That is, each CPS must either have a unique overall 3D
conformation, or must display its immunodominant regions in unique 3D configurations. For
example, serogroups B (NmB) and C (NmC), which are both linear homopolymers of a-N-
acetylneuraminic acid (Neu5SAc) containing a-(2,8) and a-(2,9) glycosidic linkages,
respectively, elicit antibodies that do not cross-react with each other’s CPS. (3) It should be
noted that variations in the level and position of O-acetylation also exist between the serotypes,
(Table 1). (5-7) Itis remarkable that, despite the apparent sensitivity to carbohydrate sequence,
cross-reactivity of a human monoclonal antibody (IgMNOV) with the NmB CPS and poly
(Adenine) and other polynucleotides has been observed, (8) and attributed to similar
conformational properties and spatial distribution of anionic charges between the carboxyl
groups of the B polymer and the phosphate groups of the polynucleotide. (9) This result serves
to illustrate a recurrent phenomenon, namely that IgM class antibodies often show broader
cross-reactivity than seen with more highly affinity matured 1gG antibodies, and it is necessary
to consider this factor when discussing CPS reactivities. Each NmB CPS may also display
differences in the apparent size of the epitope. For example, in binding inhibition assays a
minimum of approximately ten residues of the NmB CPS was required for effective inhibition
of antisera binding to the intact polysaccharide antigen, while for strain C, maximal inhibition
occurred with a more conventional hapten length of four or five residues. (10) In addition to
antigenic variations arising from differences in glycosidic linkage types, epitope size may also
be altered by chemical modifications. In the case of NmB, inhibition studies indicated that
reduction of the carboxylic acids to primary alcohols (sialitols) led to a decrease in the epitope
size to approximately six residues. (11) The requirement in NmB for an oligosaccharide length
of at least ten residues, to inhibit antibody binding to the native CPS, has led to the postulation
that this CPS adopts an extended conformational epitope. (10) Extended epitopes are generally
assumed to reflect the presence of a conformational requirement for binding, giving rise to the
concept of a conformational epitope. All extended epitopes should therefore be conformational,
but given the fact that oligosaccharides often exist in well defined conformations, even a short
sequence may have a conformational requirement for binding. This is in contrast to the case
of short peptide epitopes.

Currently, two CPS-based conjugate vaccines against Nm are available: (12) a bivalent form,
composed of groups A and C, and a tetravalent form containing A, C, Y and W-135. A
conjugate vaccine against NmB is not currently available due to the poor immunogenicity of
its CPS, which is structurally equivalent to the polysialic acid (PSA) autoantigen present in the
glycoproteins of human neural cell adhesion molecules, and is therefore not
immunostimulatory. (13) The corollary to this structural similarity is that antibodies that bind
to theNmB CPS can also cross-react with PSA, (14) raising a question as to whether or not a
CPS-based vaccine would have undesirable side effects. However, studies of human maternal
and placental cord sera have found that "natural™ anti-PSA antibodies were present in almost
all matched pairs of sera; (15) suggesting that increased levels of anti-NmB CPS antibodies
elicited by vaccination would not be pathologic. (15) It has also been hypothesized that the
weak immunogenicity of NmB CPS-based vaccines arises from the formation of
transglycosidic lactone rings, between the hydroxyl group at C9 and the carboxylic acid in the
preceding residue. (16) Lactonization, could alter the antigenicity and immunogenicity of the
CPS by changing its conformation and charge distribution, (16) and indeed it has been observed
that as little as 9% lactone content was sufficient to attenuate the antigenic properties of the
CPS. (16) Recent NMR studies of the NmB CPS displayed on E. coli K12 cell surfaces, under
physiological conditions, showed no evidence of lactone formation, confirming that it is not a
biologically common form of the CPS. (17)
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Several attempts to develop immunogenic NmB vaccines have focused on modifications of the
amido group, for example by replacement of the N-acetyl with N-glycolyl (N-Gc), Npropiony!l
(N-Pr), N-propyl (N-Prop) or N-butanoyl (N-But) moieties. (11,18-22) Somewhat perplexing
cross-reactivities, as well as varying levels of protection and bactericidal activity have emerged
from immunizations with these conjugate vaccines. Several of the modified polysaccharides
appear to present an extended epitope similar to that found in NmB, as judged by cross-
reactivity with monoclonal antibodies known to display specificity for the NmB extended
epitope. For example, the cross-reactivity of the N-Pr CPS with the well-characterized
bactericidal NmB monoclonal antibody 735 (IgG) indicates that both the N-Pr analog and the
native CPS share a similar extended epitope of approximately ten residues. (22) However,
some CPS analogs, such as the N-Prop derivative, bind poorly to mAb 735, (18) suggesting
that the N-Prop analog differs significantly from the native CPS, either in overall conformation
or in local contacts involving the N-acyl groups. Notably, the presence of an extended epitope
is not sufficient to ensure cross-reactivity among the modified immunogens and or antisera.
For example, although the N-Pr analog and the native CPS both bind to mAb 735, (22)
immunization with the N-Pr conjugate, while giving a strong antibody titre against the N-Pr
CPS, gave little cross-reaction with NmB CPS. (21) Similarly, a bactericidal monoclonal
antibody, 19G 13D9, generated by immunization with the N-Pr conjugate vaccine showed no
affinity for the native NmB CPS, (22) although it did cross-react with the N-But CPS. (23)
Subsequent analysis confirmed that, mAb 13D9 does bind to the bacterial surface of Nm,
leading to its bactericidal activity, but does not bind to NmB CPS. (22) Thus, the bactericidal
activity of mAb 13D9 can only be understood by accepting that it recognizes an epitope on the
bacterial surface, other than that for which the vaccine was designed. (22)

As an alternative to modification of the NmB CPS, attempts have been made to stimulate
antibody production against both the NmB and NmC CPS by immunizing with vaccines made
from the CPS of E. coli K92. The K92 CPS consists of alternating a-(2,8) and a-(2,9) linkages,
and conjugate vaccines using this CPS could therefore be expected to produce by default anti-
NmB (2,8) or NmC (2,9) responses. (15,24) Although vaccination with K92 CPS conjugates
did yield anti-NmC responses, they were poorer than direct immunization with NmC conjugate.
(15) Antisera from K92 vaccinations showed only a very modest if any affinity for NmB CPS.
(15,21) In an attempt to enhance the immune response to K92 conjugate, following on the
results with chemically modified NmB CPS, the N-Pr analog of K92 was generated. However,
immunization with N-Pr K92 conjugate did not lead to any improvement in cross-reactivity,
but rather the antisera lost all affinity for both NmB and NmC CPS. (21) In contrast to the case
of NmB, the NmC CPS does not display an extended epitope, (21) and the lack of affinity for
NmB displayed by the E. coli K92 antisera has been ascribed to the absence of an extended
epitope in K92. (21) The origin of the deleterious effect of N-propionylation on the ability of
K92 conjugate to elicit anti-NmC antibodies remains unclear, particularly since the N-Pr K92
antisera retained the ability to recognize native K92 CPS.

The potential relevance of an extended conformational epitope to the antigenicity,
immunogenicity and bactericidal activity of NmB CPS (10) has stimulated numerous
investigations of the conformational properties of this CPS. (9,11,18,25,26) Understanding the
structural features that determine the conformational properties that mediate the specificity and
antigenicity of interactions between this CPS and bactericidal antibodies, could provide a basis
for the interpretation of the antigenic properties of related structures and possibly for the
rational development of more immunogenic and bactericidal vaccines against NmB. Any
chemical modification that alters the conformational epitope of a CPS-based immunogen may
lead to attenuated antigenicity or unexpected cross-reactivity. By conserving the epitope
conformation responsible for generating bactericidal antibodies (the bactericidal epitope) it
should be possible to categorize putative immunogens not only in terms of their antigenicity,
but also in terms of their potential to elicit bactericidal antibodies. However, the flexibility of
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NmB in particular, as well as its homopolymeric sequence, currently prevents a direct resolution
of the NMR data into definitive conformational families. The linkage regions between the
residues of the NmB CPS may be characterized by four conformationally significant rotatable
bonds, Figure 1. The presence of these flexible dihedral angles (¢, v, @7, wg) renders the
characterization of the 3-D structure and dynamics the NmB CPS particularly challenging.
When conformational variations are significant, such as in carbohydrates, the risk of generating
virtual 3D conformations from the use of NMR restraints to guide the structural refinement are
significant. (27) MD simulations can be employed to provide a structural basis for interpreting
the NMR data or for a priori investigations of the effects of chemical modifications on the size
and shape of the CPS epitopes. For example, MD and NMR studies have been used to elucidate
the role of sialic acid residues in determining the overall conformation of the CPS from type
I11 group B Streptococcus. (28) For the specific case of the NmB, molecular mechanics potential
energy maps and MD simulations have been reported for the a-(2,8)-disialoside (9,21) and a-
(2,8)-tetrasialoside, (26) respectively, in the gas phase. Explicit-solvent MD simulations
employing simulation times of 3 ns (21) and 1 ns initiated from nine different low-energy
conformations (29) of the a-(2,8)-disialoside, and 530 ps for the a-(2,8)-tetrasialoside (26)
have also been reported. However, it is now well established that the life-times of rotamers in
glycosidic linkage regions can span more than the 10-ns time frame. (28,30) In order to identify
all of the significant conformational states, as well as to determine their populations,
simulations on the order of 100 ns are typically required. (28,30,31)

Here, we characterize the conformational properties of methyl a-(2,8)-di- (1) and trisialoside
(11) haptens from the CPS of the NmB, employing data from 100-ns MD simulations performed
with a force field (GLYCAMO06) (32) that has been specifically developed for carbohydrate
simulations. The theoretical conformations were then independently assessed for their
experimental accuracy through comparison with new NMR nOe and J-coupling data for I and
I1. Additionally, replica exchange MD (REMD) simulations were performed for I and 11 and
the N-Gc, N-Pr, N-Prop and N-But analogs of I1,Figure 1. The REMD protocol was recently
shown to lead to excellent agreement with experimental populations for simulations of
glycerol, (33) suggesting that this approach may be appropriate for determining the
conformational properties of the glyceryl side chains in the Neu5Ac residues, which determine
the conformational properties of NmB. Our goal is to probe the effects of chemical modification
on hapten conformation, and to provide a structural interpretation for the observed cross-
reactivities or lack thereof between antibodies raised against the modified and native NmB
CPs.

Materials and methods

1. Computational methods

1.1 MD simulations—The strain B haptens (methyl a-(2,8)-di- and trisialosides) were built
from the GLYCAM (32) library of monosaccharide residues using the XLEaP module of
AMBERS. (34) The appropriate number of Na+ counter-ions was added to neutralize the
haptens using XLEaP, and the complete systems were immersed in pre-equilibrated boxes of
670 and 743 TIP3P (35) water molecules for the di- and trisialoside, respectively. Nonbonded
van der Waals and electrostatic scaling factors for 1-4 interactions were set to unity (SCEE =
SCNB = 1). Long range electrostatic interactions were computed with particle-mesh Ewald
summation, (36) with a nonbond cut-off distance of 8 A. The constant pressure-temperature
ensemble (nPT) was employed under periodic boundary conditions, with box dimensions of
30 x 33 x 35 A and 35 x 31 x 36 A for the di- and trisaccharide systems, respectively. Initially,
the solvent configurations were energy minimized through 1000 cycles (50 steepest descent
and 950 conjugate gradient minimization), while the CPS fragments were restrained.
Subsequently, the entire system was energy minimized with the same protocol. Energy
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minimization was followed by a short simulated annealing stage, wherein the entire system
was heated from 5 K to 300 K over 50 ps, then cooled to 5 K over another 50 ps. Initial atomic
velocities were assigned from a Boltzmann distribution at 5 K. Prior to the MD production
cycle, the temperature of the system was raised to 300 K over 70 ps and held at that temperature
for a further 80 ps. The production cycle ensued for 100 ns. A 2-fs time step was utilized to
integrate the equations of motion, with hydrogen-containing bonds constrained to their
equilibrium lengths using the SHAKE algorithm. (37)

1.2 Replica exchange MD (REMD) simulations—In REMD simulations, multiple
replicas of a system are simulated concurrently at progressively higher target temperatures that
increase exponentially. (38,39) At specified intervals, the energies of adjacent replicas are
swapped based on an acceptance probability. (39) Prior to performing the REMD simulations,
the system was equilibrated following the same procedures outlined in the MD section. To
derive the target temperatures employed in the present simulations, an exponential equation
was fit to the range of sample temperatures given in the replica exchange section of the
AMBER9 manual: 269.5, 300, 334, 371.8, 413.9, 460.7, 512.9 and 570.9 K. The exponential
equation obtained from the fit was:

y=242.1¢01072 9 [

Eight approximate initial target temperatures (299.9, 308.0, 316.4, 324.9, 333.7, 342.8, 352.1
and 361.6 K) were generated by interpolating between the sample temperatures in incremental
x-values of 0.25 starting from x = 2.0. From the initial single equilibration stage eight
simulations were spawned by equilibrating to the eight approximate target temperatures noted
above, followed by 10 ns of production dynamics under the constant volume-temperature
(nVT) ensemble. Gaussian distributions (39) of the potential energies from these simulations
were plotted, in order to confirm that energy overlaps occurred between successive replicas
within the temperature range, Figure 2. Employing the lowest target temperature (300 K) from
the simulations, and a swap acceptance probability of 0.2, the final target temperatures (300,
305, 310, 315, 320, 326, 331 and 337 K) were obtained through an iterative process described
previously. (39) Prior to committing the replicas to exchange dynamics, each of the eight
systems was heated to its target temperature. The hybrid solvent REMD method (38) was
employed retaining 100 closest water molecules during each replica exchange process. An
exchange was attempted every 500t step for a total of 500 x 40000 steps, resulting in an overall
simulation time of 8 x 20 ns for the eight replicas. A 1-fs time step was utilized to integrate
the equations of motion, and a 10-kcal/mol restraint force constant was applied to the
carbohydrate ring atoms to prevent the rings from distorting at high temperatures.

1.3 Bayesian cluster analysis—Cartesian coordinates from the MD simulations were
collected every 5 ps for subsequent analysis with either the CARNAL or PTRAJ modules of
AMBERS. In addition to typical analysis of torsion angle distributions, (30) global
conformational states were also identified by determining transitions between Markov states,
via a Bayesian statistical analysis of the glycosidic torsion angles. (40) A 25-component
mixture of univariate Gaussians was used as a fuzzy partition of the data space. The centers
and the widths of these Gaussians were optimized by a maximum likelihood approach. (41)
Subsequently, the transition matrix for the 25 partition volumes was constructed. The two
partition volumes connected by the fastest transitions were iteratively united. Thus, 25 Markov
models and associated time-scales of the fastest transitions between the states of the respective
model were obtained. In this approach, if the time scale (t;) of model | is much larger than the
time scale of the subsequent model I1+1 (t; >> 1j+1), then model I+1 contains rapidly mixing
states, while model | contains slowly varying metastable states. In that case, model | represents
a plausible conformational state of the system. This enables the definition of several relevant
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state models for the observed trajectory, (40) and identifies global relationships between
glycosidic torsion angles that may not otherwise be readily determined.

1.4 Predicting nOe intensities from the MD trajectories of the di- and
trisialosides—2D nOe build-up intensities for the di- and trisialosides were predicted from
MD simulations by performing a full relaxation matrix analysis with the CORMA program.
(42) A sample of 2500 snapshots, extracted at regular intervals from the MD trajectories, was
utilized for the predictions. Correlation times of 0.5 and 0.55 ns were employed for the di- and
trisialosides, respectively.

2. NMR spectroscopy

Synthetic samples of the methyl a-2,8-di- and trisialosides were purchased from Dr. Nicolai
Bovin (Lectinity Holdings, Lappeenranta, Finland). Samples were lyophilized from D,0 then
redissolved in 99.96% D,0. Data were collected on Varian Inova 500, 800 and 900 MHz
spectrometers at 25°C, except for some nOe data which were also collected at 10°C. All pulse
programs were from the standard Varian library. Data were processed with Gaussian window
functions, linear prediction, and zero-filling prior to Fourier transformation. For each sample,
a COSY dataset was collected with 1582 x 1024 complex points and acquisition times of 0.40
and 0.258 seconds in F2 and F1, respectively. An HSQC dataset was collected with 789 x 400
complex points and acquisition times of 0.2 and 0.03 seconds in F2 and F1, respectively.
Assignments are listed in Table 2. A second high-resolution HSQC spectrum was collected
with the carbon decoupler turned off to allow a long acquisition time of 0.7 seconds during T2,
in order to obtain proton-proton coupling data. 1D transient nOe experiments with mixing times
of 100 to 800 ms were performed on the H3 axial signals in the NeubAc residues (H3ax) to
determine the linear nOe buildup regime. Data was then collected, using a 300-ms mixing time,
on those signals that had adequate spectral dispersion. Additional nOe data were obtained by
acquiring a 2D NOESY spectrum utilizing a zero-quantum suppression element (43) and a
mixing time of 300 ms. Data were collected with 420 x 2048 complex points and acquisition
times of 0.459 and 0.09 s in F2 and F1. 1D data were processed with Varian VNMRJ software
(Varian, Inc), and 2D data were processed and analyzed using NMRPipe software, (44) while
volume integrations were performed with the NMRView software. (45)

2.1 Chemical shift assignments—Assignments were confirmed with COSY and HSQC
data, Table 2-Table 3. Identification of the reducing, middle and terminal Neu5Ac residues
was based on the existence of nOes between the H3ax proton and the OMe aglycon, and
between the H3ax/eq and H8 protons of the preceding residue, as well as in the relative
downfield chemical shift of C8 due to the glycosidic linkage. N-Acetyl methyl groups were
assigned based on nOes to protons H5 and H7. Chemical shift data were consistent between
I and 11 as can be seen by comparing the reducing and terminal residues of the di- and
trisialosides, Table 2-Table 3.

2.2 nOe measurements—The nOe data were collected at high field (800 and 900 MHz)
and 10°C to promote a stronger negative nOe. The 2D NOESY spectra of the disialosyl and
trisialosyl haptens are shown in Figure 3 and Figure 4, respectively. Due to the high degree of
spectral overlap, only a limited number of nOes could be confidently quantified from the many
observed. A 1D selective NOESY spectrum of the trisaccharide, Figure 5, clearly indicated a
long-range nOe between protons H9 of the middle residue and H7 of the reducing residue.
Peaks in 2D NOESY datasets, processed using NMRView, were integrated by defining
boundary boxes around the peaks and summing points within the box according to the
NMRView analysis function. 1D nOe data were integrated using standard Varian functions.
Integrated values were used for distance calculations based on the isolated spin-pair
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approximation, wherein the H3eq to H3ax distance was set to 1.79 A. (9) Cross-peaks
originating from the same source proton were then compared for their respective distances.

2.3 J-coupling measurements—Extracting accurate scalar coupling constants from
strongly coupled protons frequently found in carbohydrates can be achieved by a combination
of selective 1D TOCSY spectra, followed by a simulation of the resulting spin system. In the
NmB haptens, selective TOCSY methods were limited by the poor transfer from protons H6
to H7, and from overlapping resonances that prevented access to the important H7, H8 and H9
protons. Thus a 2D HSQC spectrum was acquired with high digital resolution in the proton
dimension. The high-resolution HSQC data were Fourier transformed with additional linear
prediction and zero-filling in T2 and T1 in order to maximize digital resolution to 1.0 Hz per
point. Traces through the carbon-proton peaks provided, in most cases, proton sub-spectra
showing first-order coupling. J-values were measured directly from these traces.

3. Results and Discussion

3.1 NMR and conformational properties—The conformational properties of the a-(2,8)-
linked Neu5Ac residues are largely determined by the rotatable bonds between the pyranose
rings. (9,46) Previous MD simulations of I indicated some pyranose ring interconversions from
the predominant 2Cs chair conformation, (29) which were rationalized only via non-aqueous
phase experimental and molecular mechanics studies. However, there were no indications that
these ring fluctuations influenced the conformational properties of the dimer. (29) The
predominant ring configuration was determined from the scalar 3J-values of the ring
protons. In the 2C5 conformation the dihedral angles between protons H3ax-H4, H4-H5 and
H5-H6 are anti, while that between H3eqg-H4 is gauche. These rotamer orientations give rise
to high and low magnitude 3J-values for protons in the anti- and gauche-orientations,
respectively. The theoretical scalar J-coupling constants were computed employing a Karplus
equation that takes into account the electronegativities and orientations of substituent groups.
(47) For example, in residue (a) of the disialoside, values for anti-orientations of 11.7 + 0.7
Hz,9.4 £ 0.8 Hz and 10.4 £ 0.5 Hz for the H3ax-H4, H4-H5 and H5-H6 protons, respectively,
computed from the MD simulation were in good agreement with the experimental values of
12.2 £ 0.1 Hz,10.2 + 0.1 Hz and 10.2 + 0.1 Hz, respectively. A value of 4.6 + 1.2 Hz was
computed for the gauche H3eg-H4 proton pair from the MD data, which also showed good
agreement with the experimental value of 4.4 £ 0.4 Hz. A complete list of the

pyranosyl 3Jyvalues is presented in Table S1.These J-values indicated that the pyranosyl
rings remained entirely in the 2C5 conformation although the ring torsion angles displayed
modest oscillations of approximately (+15°). Therefore, the conformational properties of the
methyl a-(2,8)-di- and trisialosides were characterized here by monitoring the time-dependent
evolution or populations of the ¢, y, wg and o7 angles (see Figure 1) during the MD and REMD
simulations.

In order to ascertain whether the results from the present simulations were consistent with
experiment, and so could be relied on to shed some light on the conformational properties of
the strain B haptens, inter-proton distances and scalar 3Jy4-coupling constants were computed
from the MD trajectories and compared with experimental data determined herein.

3.1.1 Methyl a-(2,8)-disialoside (a-b-OMe): The experimental NMR coupling constants and
those computed from the MD simulations of I are presented in Table 4. It can be seen that the
values derived from the MD and REMD simulations were statistically indistinguishable, and
the back-calculated 3Jy values showed good overall agreement with the experimental
coupling constants. In terms of conformational properties, the small experimental 3Jpp6-bH7
and 3J7-pHs Values of <1.0 and 1.5 Hz, respectively, for these sets of protons in the internal
reducing Neu5Ac residue, were consistent with a +gauche orientation, due to the symmetry of
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the Karplus relationship. (47) The precise rotamer assignment required the utilization of nOe
data, Table 5. The strong nOes measured between the bH8-bH6 and bH8-bH7 protons,
confirmed the —gauche and +gauche conformations for the bH6-bC6-bC7-bH7 and bH7-bC7-
bC8-bH8 dihedral angles, respectively, which corresponded to a +gauche orientation for both
the w7 (bO6-bC6-bC7-bO7) and wg (bO7-bC7-bC8-bO8) angles. In the non-reducing terminal
residue, the small magnitude of the 3J,6.a7 coupling constant (1.4 Hz) for the glyceryl side
chain indicated a +gauche conformation for the w7 (a06-aC6-aC7-a07) angle. In contrast, the
large 3J,47.aHg Value of 9.5 Hz for this residue suggested an anti orientation for these protons,
which corresponded to an anti-orientation for this owg (a07-aC7-aC8-a08) torsion angle. These
results are similar to those reported previously and indicate that the orientation of wg depends
heavily on whether O8 is glycosylated or free. (9,46) The MD and REMD simulations gave
similar nOe values, which compared well with the experimentally-derived distances, Table 5.
The inter-glycosidic nOe distances were largely determined by the linkage dihedral angles;
therefore the fact that the MD simulations were sampling experimentally consistent torsion
space was also supported by the good agreement between the experimental and the MD-derived
inter-glycosidic nOe distances. For example the nOe distances measured between the aH3ax—
bH8 protons was 2.5 + 0.8 A for both the MD and REMD, respectively, which may be compared
with the experimental value of 3.0 + 0.03 A. The experimentally-derived nOe distance between
the aH3eq—bH8 protons was 4.0 + 0.04 A, compared to 3.8 + 0.5 A for both the MD and REMD
simulations.

To determine the fit between the experimental and theoretical nOe intensities in I, nOe build-
up curves were computed employing a complete relaxation matrix analysis. A single overall
correlation time of 0.5 ns for all pairs of protons resulted in good agreement between the
experimental and theoretical data, Figure 6. Notably, the theoretical data gave rise to nOe
intensities that were in quantitative agreement was excellent for the conformationally
significant proton pairs (aH3ax-bH8, aH3eq-bH8, bH8-bH6 and bH8-bH7) over the entire
range of mixing times.

The conformational itineraries of the glyceryl exocyclic dihedral angles from the 100-ns MD
simulation of | are presented in Figure 7. Despite the potential for the glycosidic linkage to
populate a wide range of conformations, the data from the MD and REMD simulations
suggested that well-defined subsets of conformations were preferentially adopted. The w7 angle
predominantly sampled the +gauche rotamer in both NeuSAc residues. In contrast, the wg angle
exhibited a preference for several staggered rotamers depending on whether the O8 atom was
involved in a glycosidic bond. Consistent with the experimental vicinal 3J7.4g coupling
constants, the mg angle was predicted to exist predominantly in the anti orientation when the
08 atom was not involved in a glycosidic bond, but preferred the gauche orientation otherwise.
The predominance of the anti conformation when O8 is non-glycosidically linked, has been
observed in X-ray crystal structures (48) and inferred from solution-phase NMR (9,46,49) data.
Two intra-residue hydrogen bonds, between the oxygen atoms of the carboxylate group with
the hydroxyl group at C8, and between the carbonyl group of the acetamido functionality and
the hydroxyl group at C7, seem to be the origin of this rotamer’s stability. (49) However, the
magnitude of this stabilization is not clear, since a similar anti orientation for the wg angle has
been observed in the X-ray crystal structures of the g-anomer, (48) in which the formation of
the intra-residue hydrogen bond to the carboxylate group is impaossible.

The @-angle in NeuSAc residues is known to populate two conformations, —gauche and anti.
(49,50) There are no conclusive experimental data on the solution conformational properties
of the y angle; however, potential energy calculations suggest that the y angle oscillates
between 105-130°. (9) Over the course of the MD simulations, correlated motions were
observed between the conformational itineraries of the wg, and ¢ and v dihedral angles of the
glycosidic linkage region. During the first 65 ns, the wg angle predominantly populated the
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+gauche rotamer (78 £ 13°), the ¢ angle displayed transitions between its two solution preferred
conformations, (—161 + 14°, —91 + 17°), while the v angle adopted a value of 98 + 18°. After
65 ns the wg angle effected a transition to the anti rotamer. During the time interval that the
wg-anti rotamer persisted, if the ¢ angle adopted either the —gauche (—91 + 17°) or anti (-161
* 14°) conformations then a +gauche y (98 £ 18°) would introduce unfavorable electrostatic
repulsions due to the close proximity of the carboxyl groups and ring oxygen atoms on two
adjacent NeuSAc residues, Figure 8. Presumably to alleviate these interactions, the y angle
flips to the anti rotamer, (142 + 12°). In general, the preferred conformational preferences of
the exocyclic dihedral angles observed during the MD simulations are in accordance with
previous reports from experimental NMR studies of the respective angles. (9,46,50) The
majority of the transitional correlations between the wg, and ¢ and y angles were also observed
in the REMD simulation. Comparisons of the relative distributions of the rotamers of the
exocyclic glyceryl side chain computed from experimental J-values, as well as the MD and
REMD simulations are shown in Table 6. For the conformationally significant dihedral angles,
particularly o7 and wg, the theoretical populations showed good agreement with experiment.
Only a qualitative agreement was observed between the theoretical and experimental
populations for the freely rotating wg angle.

3.1.2 Methyl a-(2,8)-trisialoside (a-b-c-OMe): Methyl a-(2,8)-trisialoside (11) was included
in this study to investigate the effects of multiple NeuSAc residues on the conformational
properties of the 2,8-linkage. To the best of our knowledge only two experimental studies have
been carried out on the trisaccharide hapten. (9,46) In those studies the trisaccharide fragment
terminated in the B-configuration, limiting the relevance of those data. The vicinal
homonuclear 3Jy-coupling constants in 11, determined experimentally and those from our
MD simulations, are presented in Table 7. The observed 3.7 constants for all the NeuSAc
residues from the experiment were less than 1.5 Hz, which indicated a gauche relationship
between protons H6 and H7. The average 3Jy.H7 Values computed from the MD-simulation
were also of low magnitude, and were in excellent agreement with the experimental values.
As in the case of the disaccharide, the large experimental 3J,7.a1g Value of 9.6 Hz indicates
that these protons are predominantly in the anti orientation for the non-reducing terminal
residue. The MD-computed value for 3J,47.aHg (7.7 % 0.6 Hz) also suggested a predominantly
anti orientation, which upon further analysis was confirmed to be 78% anti and 22% gauche.
In contrast to the large 3J,47.ang Values observed in the non-reducing terminal residue,

the 3J7.1g Values for the internal (b) and reducing-internal (c) residues, in which O8 is
involved in glycosidic bonds, were less than 4.0 Hz, indicating a conformational change to the
gauche orientation. That a gauche rotamer was preferred for the a-b and b-c linkages,
respectively, was also demonstrated by the relatively small magnitude of the 3Jiy7.g coupling
constants observed in the MD data (2.1 £ 0.7 and 2.1 £ 0.8 for the MD and REMD simulations,
respectively). In addition, the small-magnitude of the 3Jy47.g Values for the residues b and ¢
imply similarities between the conformational properties of the wg angle in both the a-b and
b-c linkages. In previous experimental NMR studies of the NeuSAc trisaccharide (9,46) the
anomeric center of the reducing-terminal Neu5Ac residues was in the -configuration, which
led to the conclusion that the conformational properties of the mg angle in the two linkage
regions differed. (46) Here, for the all a-configuration, we see that this is not the case. Good
agreement was also obtained between the experimental and MD-computed values for

the 3JHg-Hor and 3Jng.Hos couplings; however, the rotameric preferences of the C8-C9 bond
are not directly pertinent to the overall 3D conformational properties of the CPS.

nOe distances were computed from the MD and REMD simulations of the trimer and compared
with the available experimental data, Table 8. Unlike the case of the dimer, the agreement with
the experimental values in the trisaccharide was only qualitative, suggesting a need for longer
sampling time. The nOe values from the REMD simulation were in better agreement relative
to the MD simulation, except for one case, bH3eq—cH?7. It should be noted that a very weak
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(<1%) long-range nOe was observed between protons H9 of the internal residue (b) and H7 of
the reducing terminal residue (c), Figure 5. The ISPA-derived experimental distance between
these protons was 3.1 +0.06 A. Given that the bH9 protons were not unambiguously identified,
the center of mass of the bHIR and bH9S protons was employed to determine the bH9-cH7
distance from the MD trajectories. Inter-proton distances of 3.0 + 1.4 and 3.5 + 2.1 A were
obtained from the REMD and MD data, respectively. Further investigations revealed that the
bH9-cH7 distance was highly sensitive to the ¢-angle of the b-c linkage, Figure 9. In particular,
these protons were within the range of a detectable nOe (<3.5 A) only when the ¢-angle adopted
the anti rotamer. Since the MD data displayed a mixture of both the anti and gauche rotamers
for this angle, the reproduction of the bH9-cH7 distance can be utilized as an indicator of
whether asimulation is correctly sampling the p-angle rotamers in polysialic acids. The average
distances between protons bH9 and cH7, computed from the first 70 ns of the conventional
MD simulation for the periods when the ¢-angle is anti (52%) or —gauche (48%) were 3.3 +
1.8 Aand 5.3 + 1.5 A, respectively. Using these values the experimental distance of 3.1 A
equates to a ratio of anti:—gauche rotamers of approximately 100:0. The MD simulation
therefore underestimates the population of the anti rotamer, leading to a slightly long value for
the bH9-cH7 distance. Despite the marked improvement of the nOe-consistent population
during the REMD simulation, these observations suggest a possible need for improvement in
the force field parameterization for the p-angle in Neu5Ac. Nonetheless, the better performance
of the REMD simulation indicates that enhanced-sampling methods can be effectively
employed in studying the conformational properties of larger fragments of polysaccharides.
Theoretical and experimental nOe build-up intensities in 11, computed with the utilization of a
complete relaxation matrix are shown in Figure 10. The subtle variations in the bH9-cH7 nOe
notwithstanding, a correlation time of 0.55 ns resulted in excellent overall agreement between
the experimental and theoretical data for all pairs of protons. Rotamer populations computed
from the experimental J-values and directly from the MD simulations are shown in Table 9.
In general, the agreement with experiment was excellent with the exception of the wg
populations of the internal linkages, for which the theoretical data, nevertheless, correctly
ranked the rotameric preferences.

The time series for the rotational angles of the glyceryl side chain in Il over the 100-ns
simulation are presented in Figure 11. In all three Neu5Ac residues the w7 angle populated
only the +gauche rotamer. The wg angle predominantly adopted the anti conformation in the
glyceryl side chain of the non-reducing terminal residue, while in the internal and reducing-
terminal residues the +gauche rotamer was preferred. Over the course of the simulation, the
v angle oscillated around 101 + 30° and 109 + 27° for the a-b and b-c linkages, respectively,
while the ¢ angle frequently populated the anti and —gauche rotamers in both linkage regions.
As in the case of the linkage properties of I, correlated motions were observed between the
wg, and ¢ and v dihedral angles, which were strongly evident for the terminal (a-b) linkage in
11. During the first 70 ns, the wg angle predominantly populated the +gauche (76 £ 12°) rotamer
and the ¢ angle displayed transitions between its two solution preferred conformations (=159
+ 14° and —84 £ 19°). After 70 ns the wg dihedral angle effected a transition to the anti (174
15°) rotamer. The presumed unfavorable electrostatic repulsions, discussed earlier in the
disaccharide, again resulted in the y and ¢ angles effecting conformational transitions to their
respective —gauche rotamers, —80 + 8° and —104 + 14°, respectively. However, unlike in the
case of the disaccharide, these rotamers persisted for the remainder of the simulation. Despite
the plausible explanation for the existence of these rotamers observed during the last 30 ns of
the conventional MD simulation, we sought to determine whether they represented
experimentally relevant conformations.

Therefore, J-values and inter-proton distances were computed pre- and post-conformational
transition of the 8 angle, the first 70 and last 30 ns, respectively. A closer observation of the
J-values computed from the conventional MD and REMD simulations indicated that the J-
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values were statistically similar except for the 3Jyn7-pHg Values, where the ¢, y and og
transitions occurred. The value computed from the conventional MD simulation was about a
factor of two (3.6 £ 0.9 Hz) greater than that determined from the REMD simulation (1.9 £ 0.9
Hz). The higher value may be due to contributions from the anti rotamers of ©8. The J-values
computed before and after the conformational transition are presented in Table 10. These values
are statistically similar and in good agreement with the experimental data except

the 3Jpn7-pHg Values that are 1.4 + 0.8 Hz and 8.7 + 0.1 Hz for the first 70 and last 30 ns,
respectively. The large value of 8.7 + 0.1 Hz suggests that the last 30 ns may not be entirely
experimentally relevant. However, the value of 1.4 + 0.8 Hz is still small relative to the
experimental value of < 4.0 Hz, suggesting that the conformational properties of the mg angle
may be described by contributions from both the +gauche and anti rotamers, with a
predominance of the +gauche rotamer.

The inter-proton distances prior to and after the conformational transitions are presented in
Table 11. It should be noted that the inter-proton distances were statistically indistinguishable
in the b-c linkage for both segments of the trajectory. However, notable differences were
observed in the a-b linkage. For example, the aH3ax-bH8 distance during the first 70 ns was
2.6 + 1.0 A, which compared well with the experimental value of 2.8 + 0.07 A, relative to the
distance of 4.1 + 0.2 A computed during the last 30 ns. The bH6-bH8 and aH3eq-bH8 were
also in better agreement with the experimental data during the first 70 ns of the simulation
compared to the last 30 ns. Coupled with the J-values, these inter-proton distances indicate
that during the last 30 ns of the conventional MD simulation experimentally non-relevant
conformations were sampled.

4. Conformational clustering

In order to identify unique global conformational states and correlated internal rotations, the
trajectories of | were subjected to a clustering analysis. (40) Another key attribute of such an
analysis is the accessibility of pertinent information about the interconversion pathways
between conformational states, which cannot be easily discerned from traditional torsion angle
scatter plots or from time dependent trajectory representations of dihedral angles. The
conformer families were generated on the basis of inter-residue dihedral angles: ¢, v, ®wg and
7.

A logarithmic plot of the fastest transition time scales t; (relative to the time scale of the 25
dimensional model ty5) for the hierarchy of Markov states obtained from the trajectory of I is
shown in Figure 12A. The largest changes in time scale suggest a four-state model is adequate
to describe the conformational space. The representative values of the glycosidic linkages of
the four clusters present in the four-state model, and the abundance of each state, are presented
in Table 12. Two states differing in more one than dihedral angle will effect transitions through
correlated or concerted changes, while states with differences in a single angle undergo
interconversions through isolated transitions. Transition probabilities were generally low in
the case of strongly coupled or correlated transitions between two or more torsion angles, which
may be ascribed to the overall additive barrier to interconversion. Examination of the four-
state transition matrix (Figure 12) indicates that state 1 (red) undergoes less frequent transitions
to state 3 (blue) than to state 4 (yellow). The principal difference between states 1 and 3 lies
in the y angles with values of 71 and 128°, respectively. States 1 and 4 differ in the (o, v)
domain with values of (—97°, 71) and (—167°, 106°), respectively. Given that there are two
concerted transitions in the 1-4 pathway, it might be expected that the 1-3 pathway would be
preferred. However, the transitions between states 1 and 4 occur with higher probability. This
discrepancy is explained in terms of the low barrier for the transitions between the —gauche
and anti rotamers of the ¢ angle involved in the 1-4 route. State 2 (green) is characterized by
an anti (173°) orientation of the wg angle, and by an increase in the y angle (143°). This is an
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isolated state, as indicated by the extremely low transition frequency (Figure 12), which is
accessed essentially only from state 3 (blue). The reason for its isolation arises in the need for
simultaneous changes in og and v, to compensate for the electrostatic repulsions that would
otherwise result from a single transition in og (Figure 8). The 1-2 pathway involves three
concerted transitions (¢, v and mg) and would be disfavored, compared to two concerted
changes (¢ and wg) and (v and ®8) in the 2-3 and 2—4 routes, respectively. The 2-3 pathway
is more probable compared to the 2—-4 pathway, because the 2—3 route involves the ¢ angle
oscillating frequently between the —gauche and anti rotamers. Pathways 3-4 and 1-4 both
involve changes in the (o, y) domain. However, the 3—4 route occurs with a lower probability.
It must be the case that the 3—4 pathway is strongly competing with another pathway. Further
examination indicated that state 3 also frequently interchanges with state 1, the (1-3) route
involving only the y angle. In terms of populations, which are indicated by the number of
partition volumes in Table 12, the isolated state 2 accounted for 8% of the conformer
distribution. States 1 and 3 accounted for 16 and 12%, respectively, while state 4 was the
dominant state, at 64%.

Plots of the time evolution of the glycosidic angles of the 4-state model during the simulation,
and scatter plots of the (¢, v) and (wg, m7) dihedral angles are presented in Figure 10. During
the first 65 ns and the last 20 ns of the simulation interconversions occurred predominantly
between states 1 and 4, with much lower sampling of states 2 and 3, respectively. However,
within the 65-80 ns interval, states 2 and 3 were preferentially populated. It should be noted
that the major pathway from state 2 was via state 3. The scatter plots, Figure 13, indicate that
the (o, y)-space is clearly separated into four states for the 4-state model, while the (g, w7)
space showed an overlap of states 1, 3 and 4.

Effects of chemical group modifications

The effects of chemical group modifications on the conformational properties of 11 were
determined by comparing the (¢, v) and (wg, 7) scatter plots of the linkage dihedral angles
with those of the N-Gc, N-Pr, N-Prop and N-But analogs. The multiple conformational
distributions in the (o, y) scatter plots indicate a significant degree of flexibility in the
trisaccharide hapten and its analogs, Figure 14. For any given trisaccharide the ¢ and v angles
for both the reducing and non-reducing terminal residues displayed similar distributions with
the exception that the N-Pr and N-But analogs occupied additional (¢, y)-spaces in the non-
reducing and reducing linkage regions, respectively. Despite these differences in the number
of conformations between the reducing and non-reducing linkage regions in each analog,
subsets of the phase-space were common to both linkage regions, albeit to varying extents. The
(o, w)-space of the native trimer, compared to all the analogs, exhibited similar conformational
properties in terms of the number and conformation of the states, except for the N-Pr derivative,
which displayed a significant population of a conformation with (o, y)-values both between
—120° and —60°. The (wg, m7)-space showed less flexibility in all cases, and considerable phase-
space overlaps were seen in all the linkages of the trisaccharides, Figure 15. Amongst all the
linkages the (wg, ®w7)-space showed more rigidity primarily due to the restricted flexibility of
the 7 angle. However, in the N-Prop and N-But analogs the w7 angle populated isolated
families with (wg, ®7) values of about (—300, 180) and (60, 180), respectively. These additional
conformational families were unexpected, given the preference for w7 to adopt a +gauche
conformation in the native hapten.

In general the chemical group modifications resulted in similarities in the conformational
families in the trisaccharides, although there were conformational states unique to some
systems. To provide a structural interpretation for this observation, representative structures
of conformational states identified via the Bayesian statistical method were generated. Plots
of the relaxation time scales determined for each trajectory, Figure 16, indicated that the
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following number of states could adequately describe the conformational properties of each
trisaccharide: 11 (10 states), N-Gc (16 states), N-Pr (16 states), N-prop (14 states) and N-But
(13 states). The representative conformations of the most populated states of the trisaccharide
fragments are presented in Table 13. Based on dihedral angle matches, conformer family A of
the N-Ac trimer will have the highest similarity with conformer family A of the N-Gc, N-Pr,
N-Prop and N-But analogs, respectively. It is also evident that conformer family B of Il and
N-But trimers are close structural matches. However, these angle-matching comparisons may
fail to identify certain global structural similarities. In particular, MD simulations have
indicated that oligosaccharides may display similar overall topologies even though their
internal linkages possess different dihedral angles, (51) which are due to correlated transitions
between the dihedral angles in the linkages. Therefore, the conformational similarities between
the representative structures of the most populated clusters of the analogs and the native
trisaccharide were also determined by RMSD comparisons. This approach revealed further
structural matches that were not identified initially based on angle-similarities, Table 14 and
Figure 17. For example, the A and J conformers of 11 and the N-Gc analog, respectively, differ
in the ¢ and g angles of the b-c linkage. Despite these differences, they share very similar
overall structures, Figure 17. The relative abundance of the states, Table 14, was employed to
determine the fraction of the states displaying similar overall topologies. In the case of 11 and
the N-Gc trisialosides, 24% of the NGc conformers (A, C, J) exhibited similar backbone
topologies as the A conformer of 11 (36%).Another 8% of the conformers of 11 (C), could be
mapped to 12% of the N-Gc conformers (C), while 8% of the conformers of 11 (E), were similar
to 8% of the N-Gc conformers (1). Such comparisons were extended to all the other analogs
(Table 14).

These topological similarities suggest that a common core conformational epitope is present
in the NmB CPS and its analogs. These observations may be utilized to rationalize the results
from efforts to enhance the immunogenicity of the NmB CPS by chemically modifying the
N-acetyl moiety. (11,14,18-22) In those studies, both IgM (20) and 1gG (14,18,19) classes of
antibodies, respectively, were utilized. Attempts to characterize the epitopes of the N-
propionylated CPS suggested that the IgG mAbs recognized both short and extended
conformational epitopes, (14) and a subset of the mAbs cross-reacted with human PSA and
encapsulated NmB. (14) In another study (20) IgM mAbs cross-reacted equally with the native
NmB CPS and its derivatives, while different reactivities were noted among other species. In
that study NmB CPS specific IgMs were bactericidal and safe when tested in mice. These
studies indicate that low affinity IgMs and fully matured 1gGs can show cross-reactivity
between the native and modified NmB CPS. Regardless of the immunoglobulin class, the
observed cross-reactivity or lack thereof may be rationalized in terms of interactions
determined by the global (core) configuration of the polysaccharide, and those dependent on
local interactions with pendant or exocyclic groups. Despite the observed similarities in
backbone topologies, Figure 17, the exocyclic groups are displayed uniquely in each
trisaccharide, Figure 18.

When cross-reactivity is observed among the altered CPS analogs the elicited mAbs are
recognizing a common topology, Figure 17, whose fine specificities do not likely depend on
the N-acyl groups or on strong interactions with them. On the other hand, the absence of cross-
reactivity either arises from significant variations in the overall 3D shape (unlikely based on
the data presented here) or from incompatibilities with the presentation of pendant groups in
the CPS. An antibody that has evolved to recognize the non-native N-acyl derivatives, such as
mADb 13D9, may not be able to make optimal contacts when the native CPS is encountered,
despite the presence of a common conformational backbone. This is particularly evident in the
comparison between the native structure and the synthetic N-Pr or N-But analogs, Figure 18
and Figure 19. The smaller size of the N-acetyl group may prevent it from interacting effectively
with a binding pocket deep enough to accommodate the larger N-Pr and N-But groups. This

Biochemistry. Author manuscript; available in PMC 2010 October 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yongye et al.

Page 14

would explain the observation that although mAb 13D9 requires an extended epitope, as in the
native CPS, itisunable to recognize the native CPS. (23) It was reported previously that absence
of cross-reactivity between the native CPS and the synthetic N-Pr and N-But polysaccharides
could be due to conformational changes in the CPS induced by the modifications. (20) In
contrast, the MD simulations performed in this work suggest there is significant overlap in the
conformational space of the native and chemically modified saccharides, observations that are
in accord with experimental NMR data. (11)

To illustrate the key structural properties pertinent to antibody recognition, decasaccharide
helices were generated from structures selected from the conformational states identified
during the REMD simulations of 11 and the N-But analog. The building blocks were selected
to be consistent with the experimental nOe and J-value data. Conformational states whose -
angles adopted the anti rotamer were selected because this rotamer preference led to the
reproduction of the bH9-cH7 distance. States were also required to display the +gauche
rotamers of wg and w7, consistent with a strong nOe between H8-H6, and low magnitude 3J-
values between H8-H7 and H7-H6. Based on these criteria, state A was selected for both 11
and its N-But analog. As expected, the nOe distances computed from these states are consistent
with the NMR data, Table 15. The helical parameters, n (the number of residues per turn) and
h (vertical rise per residue in A), were calculated based on the method described by Miyazawa
et al. (52) Vectors consisting of the glycosidic oxygen atoms (O8) were employed to describe
virtual bonds in each decasaccharide. Using these vectors distances, angles and dihedral angles
for the central residues (residues 4 to 7) were computed for each decasaccharide and employed
to determine n and h. The (n, h) values were (2.2, 4.5 A) and (2.3, 5.2 A) for the A state of

Il and its N-But analog, respectively. It should be noted that in solution, these polymers are
dynamic and interconvert between states, and these idealized helices are not representative of
the overall structure. Nonetheless, the helices generated here, Figure 19, are representative of
the local epitopes that are presented to antibodies. The outward projection of the N-acyl groups
from the helical axis is evident, suggesting that these groups may be crucial for antibody
recognition. In these helices the N-acetyl and N-butanoyl groups constitute 33% and 46% of
their respective surfaces. Consequently, an antibody whose specificity involves the N-butanoyl
moiety would be expected to have much lower affinity for the N-acetyl analog. In each case,
the carboxylate groups are also presented on the helical surfaces, although in the N-But analog
these groups are markedly less accessible.

Two salient points emerge from all these considerations: cross-reactivity arises between the
N-acyl analogs when overall backbone conformation is conserved and when the immune
response has not matured to recognize the acyl moiety as an immunodominant epitope.
Therefore, these simulations suggest that alternative chemical modifications may be sought,
subject to the constraints that the integrity of the N-acetyl moiety, and the backbone core
conformations, are not compromised. These modifications could involve the introduction of
small hydrophobic groups at positions that are hydrophilic in the native structure, and thus lees
immunogenic. To the best of our knowledge, no such derivatizations have been performed with
the NmB CPS. However, within the accuracy limitations of the force field and MD simulations,
it is now feasible to predict the effect of chemical modifications on the CPS structure and to
identify the structural similarities between native and synthetic immunogens.

Conclusion

Because of the absence of a protective vaccine against NmB, and the postulated importance of
a conformational epitope in mediating the antigenicity and bactericidal activity related to this
CPS, considerable attention has been given to characterizing its 3D shape and dynamics (9,
11,18,25,26,46). In addition, the weak immunogenicities of both the proteinconjugated and
non-conjugated forms of the NmB CPS have resulted in alternative vaccine design attempts
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that typically involve chemical group modifications of the acyl groups (11,14,18,21,22) or the
carboxylate group. (11)

As an initial step in quantifying the antigenicities of native and chemically modified NmB CPS,
conformational properties of di- and trisaccharide haptens have been determined by MD
simulations and confirmed by NMR spectroscopy. That the MD simulations identified
experimentally relevant conformations was demonstrated by the good agreement between the
experimental and theoretical NMR observables. In addition, a Bayesian statistical analysis
(40) was employed to identify conformational states from the trajectories. To the best of our
knowledge this is the first time such an analysis has been applied to investigate carbohydrate
conformational properties. With the preliminary agreement demonstrated here between the
MD data and the experimental data for the native haptens, the study was extended to shed light
on the effects of chemical group modifications on epitope size and fine structure. These
theoretical simulations present a unique opportunity to generate atomic level insight into the
conformational space of native and synthetic CPS analogs. It is also suggested that efforts
employed in the quest for more immunogenic carbohydrate vaccines that can mimic NmB
should consider chemical group modifications that do not perturb the N-acetyl moieties or the
global conformation. MD simulations provide a much needed tool for the rational design of
such synthetic vaccines, and provide a solid basis for the interpretation of the diverse and
complex data from immunological studies.
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Abbreviations

Nm Neisseria meningitidis

NmB Neisseria meningitidis serogroup B
NmC Neisseria meningitidis serogroup C
mAb monoclonal antibody

ISPA isolated spin-pair approximation
PSA polysialic acid

Neu5Ac a-5-N-acetylneuraminic acid

CPS capsular polysaccharide

MD molecular dynamics

REMD replica exchange molecular dynamics
E. coli Escherichia coli

N-Gc N-glycolyl

N-Pr N-propiony!l

N-Prop N-propyl
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Figure 1.

Schematic representation of the a-2,8-linked N-acetylneuraminic acid dimer (1) and trimer
(11). The dihedral angles are defined as follows: ¢ = C1-C2-08’-C8’, y = C2-08’-C8’-C7’,
wg = 09-C9-C8-08, wg = 08-C8-C7-07 and wy = O7-C7-C6-0O6.
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Figure 2.

Gaussian potential energy distributions indicating the feasibility of the temperatures employed
in the replica-exchange simulation
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Figure 3.
NOESY spectrum of disialoside collected at 10°C and 800 MHz with a mixing time of 300
ms. A few cross-peaks used in determining the linkage conformation are indicated.
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Figure 4.

NOESY spectrum of trisialoside collected at 10°C and 800 MHz with a mixing time of 300
ms. A few key cross-peaks used in determining the linkage conformation are indicated.
Notably, weak cross-peaks between the equatorial H3 proton of the middle residue (bH3eq)
and H7 and H8 of the reducing residue (cH7 and cH8) can be observed. Despite substantial
overlap of signals, distinct cross-peaks can be measured for some ring protons (e.g. bH6-bH8)
of the middle residue.
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Figure 5.

The 1D nOe of trisialoside. Expected intra-residue nOes from proton H9 of the middle residue
(bH9) to adjacent protons (bH6, bH7, bH8, bH9’) are shown, in addition to a long-range nOe
to the H7 of the reducing residue (cH7).
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Figure 6.

Experimental and theoretical nOe build-up curves of proton pairs in disialoside (a-b-OMe). A,
aH3ax-aH3eq; B, bH3ax-bH3eq; C, aH3ax-bH8; D, aH3eq-bH8; E, bH8-bH6; F, bH8- bH7.
A correlation time of 0.5 ns was employed in the theoretical predictions. Experiment e;
Conventional MD o; REMD ¢
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Figure 7.

The conformational variations of the exocyclic glyceryl dihedral angles of the methyl a-(2,8)-
disialoside. ¢ —red; v — green; mg — blue; w7 — gray. The A—B and C-D panels depict dihedral
angle variations of the glyceryl region involved and not involved in glycosidic bond formation,
respectively. The left and right columns represent trajectories from the conventional MD and
REMD simulations, respectively.
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Figure 8.

Possible repulsive interactions between the charged carboxyl groups and the O6 ring oxygen
atoms on two adjacent residues. (¢, v, og) = (161, 98, 78) and (—91, 98, 78) in A and B,
respectively, denoting the solution-preferred structures during the first 65 ns of the simulation.
(o, v, mg) = (—161, 98, 175) and (—91, 98, 175) in C and D, respectively, represent unfavorable
interactions that would occur if the wg angle adopted the anti rotamer while the y angle
remained in the +gauche (98°) state. To alleviate the repulsive interactions, the y angle makes
a transition to the anti rotamer, E and F with (o, y, og) = (161, 142, 175) and (—91, 142, 175),
respectively.
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Figure 9.

Correlation between the bH9-cH7 inter-proton distance (gray) and the rotameric properties of
the p-angle (red) of the b-c linkage in the trisaccharide (a-b-c-OMe). Traditional MD (A);
Replica exchange MD (B).

Biochemistry. Author manuscript; available in PMC 2010 October 19.

0
20

Distance (A)



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yongye et al. Page 28

Figure 10.

Experimental and theoretical nOe build-up curves for proton-pairs in the trisaccharide. A,
aH3ax-aH3eq; B, bH3ax-bH3eq; C, cH3ax-cH83eq; D, aH3ax-bH8; E, aH3eq-bH8; F, bH3ax-
cH8; G, bH3eqg-cH8; H, bH8-bH®6; I, bH9-cH7; J, bH3e-cH7. A correlation time of 0.55 ns
was employed in predicting the theoretical nOe intensities. Experiment e; Conventional MD
o; REMD ¢
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Figure 11.

The conformational variations of the exocyclic glyceryl dihedral angles of the methyl a-(2,8)-
trisialoside. ¢ — red; v — green; wg — blue; o7 — gray. The top, middle and bottom panels
represent trajectories from the reducing, internal, and terminal glyceryl side chains,
respectively. The left and right columns represent the conventional MD and REMD
simulations, respectively.
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Figure 12.

Plot of the relaxation time-scale, Int/tg, between the various hierarchic Markov states identified
from the MD-generated trajectories of the methyl a-(2,8)-disialoside, A. A graphical
representation of the transition matrix between the Markov states when a four-state model is
employed to describe the molecular conformational distribution of the dimer, B. The diameters
of the diagonal peaks represent the populations of each state and cross-peaks denote
populations of states and transition probabilities, respectively. The sizes of the cross-peaks are
related to the additive energy barrier to interconversion.

Biochemistry. Author manuscript; available in PMC 2010 October 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yongye et al. Page 31

Dt ot

s,

Ctad e et

Dnenan 6%

Figure 13.

The conformational transition pathway of the four plausible clusters of methyl a- (2,8)-
disialoside over the course of the MD simulation, left column. A, B, C and D represent the
pathways of the ¢, v, wg and w7 angles, respectively. The scatter plots of the exocyclic dihedral
angles, right column: E — (o, v) and F — (wg, ®7). The figures employ the color-coding of Figure
12 to indicate the various conformations.
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Figure 14.

The (o, y) conformational space of the native N-acetyl a-(2,8)-trisialoside and its analogs. The
reducing and non-reducing linkages are on the left and right columns, respectively. N-acetyl
(A, B), N-glycolyl (C, D), N-propionyl (E, F), N-propyl (G, H) and N-butanoyl (1, J).
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Figure 15.

(wg, w7) scatter plots of the conformational space of the native N-acetyl a-(2,8)- trisialoside
and its analogs. The reducing and non-reducing linkages are on the left and right columns,
respectively. N-acetyl (A, B), N-glycolyl (C, D), N-propionyl (E, F), N-propyl (G, H) and N-
butanoyl (1, J)
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Figure 16.
Plot of the relaxation time scale, In(t/tg) between the hierarchic Markov states identified from
the REMD trajectories of 11 (A), N-Gc (B), N-Prop (C), N-Pr (D) and N-But (E)
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Figure 17.

Backbone (ring and glycosidic linkage atoms) superposition of the representative members
from the most populated clusters during the REMD simulations of the native and Nacetyl
analogs of the methyl a-(2,8)-trisialoside

A. N-acetyl (blue) and N-glycolyl (red): A-A, A-C, A-J, C-C, E-I

B. N-acetyl (blue) and N-propionyl (yellow): A-A, A-M, C-A, E-N

C. N-acetyl (blue) and N-propyl (orange): A-A, E-Q

D. N-acetyl (blue) and N-butanoyl (green): A-A, B-B
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Figure 18.

The display of key exocyclic groups relative to the backbone (ring and glycosidic linkage
atoms) conformations of the representative cluster members of the native methyl a-(2,8)-
trisialoside and its analogs.

A. N-acetyl (blue) and N-glycolyl (red): A-A, A-C, A-J, C-C, E-I

B. N-acetyl (blue) and N-propionyl (yellow): A-A, A-M, C-A, E-N

C. N-acetyl (blue) and N-propyl (orange): A-A, E-Q

D. N-acetyl (blue) and N-butanoyl (green): A-A, B-B
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Figure 19.

Longitudinal and axial views of decasaccharide helical structures generated by propagating
representative conformational states derived from the REMD simulations of the native
trisaccharide (left and middle panels) and the N-butanoy! analog (right panel). The helical
repeat is eight residues in each helix, shown to overlap in the axial views. Cyan, N-acyl groups;
Pink, carboxyl groups; Blue, all other atoms.
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Table 1

CPS structures of the five most virulent N. meningitidis serotypes

Serotype | Oligosaccharide repeat units Acetylation
! W-135 -6)-a-D-Gal-(1-4)-a-NeuS5Ac-(2- | 7 and/or 9 O partial (5)
Y -6)-0-D-Glc-(1-4)-a-Neu5Ac-(2- | 9 O partial (5)
C -9)-a-Neu5Ac-(2- 7 and/or 8 O (6)
B -8)-a-Neu5Ac-(2- ---- (6)
A -6)-a-D-ManNAc-(1-OPO3- 30(7)
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Table 6

NMR-based and computed populations (%) for inter-residue torsion angles in fragments of NmB disialoside, o-
Neu5Ac-(2-8)-a-NeuSAc-OMe (a-b).

NMR& b MD (100ns) REMD (20ns)%gauche/trans/-gauche
Angle | Linkage | gaucheftrans/-gauche | 9auche/trans/-gauche
|
®7 Terminal a 100/0/0 100/0/0 100/0/0
7 Internal b 100/0/0 100/0/0 100/0/0
g Terminal a 0/100/0 13/80/7 13/83/4
g Internal b 96 + 3/3+ 3/0 90/10/0 90/10/0
O Terminal a 54 +8/0/50 + 12 61/18/21 52/16/32
Mg Internal b 55+ 8/24 +9/20 £ 15 7312125 75/4121

a . . . . . . . Lo
Range is consistent with the estimated error in the experimental J-values, only one symmetric solution is presented.

bNMR populations derived by employing limiting J-values from rotational isomeric states computed from conventional MD (the REMD simulations
did not give significantly different limiting J-values).

cEstimated based on the magnitude of the J-value.

d . .
REMD simulations were performed at 8 temperatures for a total of 160 ns.
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Table 9

NMR-based and computed populations (%) for inter-residue torsion angles in fragments of NmB trisialoside, a-
Neu5Ac-(2-8)-a-Neu5Ac-(2-8)-a-NeuSAc-OMe (a-b-c).

NMR& b MD(lOO ns) REMD (20 ns)d
Angle | Linkage | gaucheftrans/-gauche | gauche/transi-gauche | gache/trans/-gauche
|
®7 Terminal a 100/0/0 100/0/0 100/0/0
7 Internal b 100/0/0 100/0/0 100/0/0
W7 Internal ¢ 100/0/0 100/0/0 100/0/0
g Terminal a 0/100¢/0 15/74/7 14/82/4
g Internal b 60+9/25+3/0 70/30/0 92/8/0
g Internal ¢ 66+5/31+9/0 89/11/0 82/10/8

a . . . . . . . Lo
Range is consistent with the estimated error in the experimental J-values, only one symmetric solution is presented.

bNMR populations derived by employing limiting J-values from rotational isomeric states computed from conventional MD (the REMD simulations
did not give significantly different limiting J-values).

cEstimated based on the magnitude of the J-value.

d . .
REMD simulations were performed at 8 temperatures for a total of 160 ns.
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NMR and computed 3J coupling constants (Hz) for inter-residue torsion angles in fragments of NmB
trisialoside during the first 70 ns and last 30 ns of the conventional MD simulation.

| Pre-conformational transition (the first 70 ns)

Angle | Linkage | Spins | NMR | MD
®7 Terminal | aH6-aH7 | 1.5+0.2 | 1.0+£0.8
Internal | bH6-bH7 <10 09+0.7
Internal | cH6-cH7 <10 1.1+09
g Terminal | aH7-aH8 | 9.6 +1.0 | 7.6 £0.6
Internal | bH7-bH8 <4.0 14+08
Internal | cH7-cH8 <4.0 2407

Post-conformational transition (the last 30 ns)

Angle | Linkage | Spins | NMR | MD
w7 Terminal | aH6-aH7 | 1.5+0.2 | 1.0+£0.8
Internal | bH6-bH7 <10 1.0£08
Internal | cH6-cH7 <10 1.2+09
g Terminal | aH7-aH8 | 9.6 +1.0 | 7.8+0.6
Internal | bH7-bH8 <4.0 8.7+0.1
Internal | cH7-cH8 <4.0 14+07
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